ABSTRACT. The midcingulate cortex (MCC; area 24') resides in the mid-rostrocaudal part of the cingulate gyrus, and it plays important roles in nociceptive, cognitive and skeletomotor functions. The MCC has recently been shown to consist of four cortical areas (areas a24a' , a24b' , p24a' and p24b') in the rabbit, based on immunohistochemistry. To further characterize the organization of these areas, here we immunohistochemically identified structures immunopositive (+) for calretinin (CR) as a marker of a subpopulation of inhibitory neurons. CR+ somata were identified as multipolar and bipolar neurons. The multipolar neurons were predominant throughout the MCC. CR+ somata were present mainly in layer (L) 2/3 and L6, and CR+ fibers occurred mainly in L1, L2/3 and L6. However, there were differences in the distribution of CR+ structures in each area. CR+ somata tended to be most densely distributed in area a24a' , followed by area p24a' , area a24b' and area p24b' . CR+ fibers were most densely distributed in area p24a' , followed by area p24b' , area a24a' and area a24b' . In addition, only areas p24a' and p24b' enclosed patchy CR+ fibers and terminals in deep L2/3. These results show the distinct distribution of CR+ structures in each area of the MCC in the rabbit, suggesting that CR+ neurons may contribute to information processing for cognitive functions in somewhat different manners in each area of the MCC.
The cingulate gyrus is located in the medial part of the cerebral cortex above the corpus callosum. The middle part of the cingulate gyrus along the anteroposterior axis is called the midcingulate cortex (MCC) or area 24′, which is well developed and highly differentiated in the rabbit [32] . A previous cytoarchitectural study with Nissl staining demonstrated that the rabbit MCC consists of two areas: area 24a′ ventrally and area 24b′ dorsally [32] . A later study based on the distribution of several neurochemical markers including calcium-binding protein parvalbumin (PV) suggested that area 24a′ is subdivided into anterior area a24a′ and posterior area p24a′, and area 24b′ is subdivided into anterior area a24b′ and posterior area p24b′ [34] . This parcellation pattern in the rabbit is more similar to that found in humans compared to the rodent parcellation [36, 38, 43] .
The MCC is of great importance in human nociceptive, cognitive and skeletomotor functions [35] . Several studies in humans have shown that the anterior MCC (aMCC) is critically involved in avoidance behaviors [37] , emotions such as anger and hostility [7, 23] , and cognitive performance tasks such as response selection and error detection [2, 3, 27] . In contrast, the posterior MCC (pMCC) is involved in guiding body orientation and reflexive movements [37] , and pain processing [19] . In altered conditions, aMCC is intimately linked to several diseases such as frontotemporal dementia [5] and obsessive-compulsive disorder [29] , whereas pMCC is involved in progressive supranuclear palsy [5] . The differences between the aMCC and pMCC in functional involvement and susceptibility in human disorders heighten the need to develop experimental animal models for studies of physiology and disorder mechanisms linked to the human MCC.
The rabbit may be used as an experimental model for pathophysiological studies related to the human MCC, since its MCC parcellation pattern is more similar to that of humans than that of rodents as mentioned above. Although the structural organization has been studied with several neurochemical markers in the rabbit [34] , more detailed studies are needed to characterize the similarities and differences in the distribution of other substances between each area of the MCC. Calretinin (CR) is a calciumbinding protein that is present in a subpopulation of inhibitory GABAergic neurons and is intimately linked to neuronal functions [13, 14, 20, 42] . Moreover, CR is considered to be an excellent neurochemical substance to characterize the neocortical areas [1, 17] . Here, we selected CR as a neurochemical marker to further elucidate the structural organization of the rabbit MCC.
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MATERIALS AND METHODS
All animal handling and experimental protocols were approved by the Ethics Committee of Animal Experimentation of Tokyo University of Agriculture and Technology (TUAT) and complied with the guideline for the care and use of laboratory animals at TUAT.
Five adult male New Zealand White rabbits (2.35-2.70 kg) were used. These animals were anesthetized with intramuscular injection of ketamine (50 mg/kg body weight) and intraperitoneal injection of pentobarbital sodium (60 mg/kg), and initially perfused through the ascending aorta with 1 l of 0.9% NaCl, followed by 2 l of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). After perfusion, the brains were obtained from the skulls and placed in the same fixative at 4°C for 2-5 hr. The brains were cryoprotected in 30% sucrose in 0.1 M phosphate buffer. Then, sections were cut on a freezing microtome at 50 µm thickness in the coronal plane and divided into 5 series. Two of these series were used for the present study, while the remaining series were used for other studies.
One series of free-floating sections were dealt with a solution containing 0.3% H 2 O 2 and washed three times (5 min each) with Tris-HCl-buffered saline (TBS). After that, the sections were transferred to TBS containing 1% normal horse serum (NHS) and 0.5% Triton-X-100 and incubated overnight at 4°C. Next, the sections were incubated in TBS containing 1:2,000 or 8,000 mouse monoclonal antibody raised against CR (clone 6B8.2, Cat.# MAB 1568, Merck Millipore, Darmstadt, Germany), 1% NHS and 0.5% Triton-X-100 for 48 hr at 4°C. After incubation, the sections were rinsed with TBS and processed with a Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA, U.S.A.). Subsequently, the sections were washed with TBS and treated with 0.04% 3,3′-diaminobenzidine tetrahydrochloride and 0.01% H 2 O 2 . After rinsing in TBS, the sections were mounted on slides, dried, defatted with a mixture of chloroform and ethanol (1:1), and coverslipped. Another series of sections were treated with 1:10,000 antibody against neuronal nuclear protein (NeuN) (Chemicon International, Temecula, CA, U.S.A.) with a similar immunohistochemical procedure for the identification of boundaries of each area and cortical layer of the MCC.
Sections were observed under an Eclipse-Ni photomicroscope (Nikon, Tokyo, Japan). Each area of the MCC was identified based on Vogt [34] , and layers were divided into layer (L) 1, L2/3, L5 and L6 ( Figs. 1 and 2 ). Neuronal types were identified based on somatodendritic morphology.
Images of selected sections were captured with a DS-Ri1digital sight camera (Nikon) controlled with NIS-Elements (ver. 4.1) image analysis software (Nikon). The images were adjusted to attain optimal resolution, brightness, contrast and sharpness; trimmed with Adobe Photoshop CC (Adobe Systems, San Jose, CA, U.S.A.); and finally assembled into figures with Adobe Illustrator CC (Adobe Systems).
Semiquantitative evaluation was also performed in 8 sections with 200 µm-intervals in 3 individuals. The number of CR+ . The densities were statistically tested using ANOVA, followed by Bonferroni's multiple comparisons. P<0.05 was considered to be statistically significant.
RESULTS

CR immunoreactivity in area a24a′
Area a24a′ (Figs. 1a, 1a′ and 2a) contained the greatest number of CR+ somata among all areas of the MCC (Fig. 3 and Table 1 ). Within this area, approximately 57% of the entire CR+ somata occurred in L2/3 and 29% in L6, whereas fewer CR+ somata were observed in L5 (12%) and L1 (3%) ( Table 1 ). The number of CR+ somata in area a24a′ was significantly higher than the other areas of the MCC (Fig. 3) . The density of CR+ somata in this area tended to be higher than that in area p24a′ and was significantly higher than those in area a24b′ and area p24b′ (Fig. 4 and Table 2 ). The difference in number was attributable mainly to that in the total number of multipolar somata and of somata of each layer (Fig. 3) , whereas the difference in density was attributable mainly to that in the total density of multipolar and L2/3 somata (Fig. 4) . In area a24a′, the number and density were high in L2/3 and L6, but low in L1 and L5 (Tables 1 and 2 ). In CR+ somata, non-pyramidal multipolar neurons were predominant across all layers of the MCC (Figs. 2a, 5a and 5b, and Tables 1 and 2 ).
In L1 of area a24a′, only a few CR+ multipolar neurons were observed (Figs. 2a, 5a and 5b, and Tables 1 and 2 ). In L2/3, CR+ multipolar and bipolar neurons were mostly distributed in the superficial part, while in deep L2/3, fewer CR+ somata were (Fig. 2a) . The multipolar neurons had oval, round or triangular somata with multiple dendrites directing various directions depending on each cell ( Fig. 5a and 5b ). The bipolar neurons had oval or fusiform somata and two vertically oriented dendritic arbors arising from the superficial and deep somatic poles (Fig. 5a ). L5 and L6 contained mostly CR+ multipolar and a few bipolar somata (Fig. 2a, and Tables 1 and 2 ). The distribution of these types of neurons had laminar preference, but no areal preference across all areas of the MCC. In area a24a′, CR+ fibers were most abundant in L1 (Figs. 2a and 5c ), followed by L6, L5 and L2/3 in decreasing order. CR+ fibers running almost rostrocaudally were also present in the cingulum, deep to L6 (Fig. 2a) . In L1 of area a24a′, most CR+ fibers coursed almost parallel to the pial surface in the superficial part to provide terminals to that part (Figs. 2a and 5c ). CR+ dendritic processes also ran almost vertically in L1. In some cases, these processes were able to be traced to the multipolar and bipolar somata that were located mostly in L2/3. In L2/3, the majority of CR+ dendritic processes coursed vertically, and some showed a beaded appearance (Fig. 5b) . In rare cases, the beaded processes were found to be issued from the multipolar or bipolar somata located mainly in L2/3 (Fig. 5b) . In L5 and L6, CR+ fibers were directed randomly. In each of L2/3, L5 and L6, the distribution of CR+ fibers was relatively uniform across the laminar thickness.
CR immunoreactivity in area p24a′
In area p24a′, the pattern of distribution of CR+ somata was similar to that in area a24a′, but the number of CR+ somata in the total layers and each layer of area p24a′ was significantly lower than that of area a24a′ (Fig. 3 and Table 1 ). The density of CR+ somata in area p24a′ tended to be lower than that in area a24a′ and was significantly higher than that in areas a24b′ and p24b′ (Fig.  4 and Table 2 ). In L2/3 of area p24a′, CR+ multipolar and bipolar somata were distributed throughout the thickness of L2/3 (Fig.  2b) , unlike that of area a24a′.
Area p24a′ enclosed more abundant CR+ dendrites, axons and terminals than area a24a′ in all cortical layers (Figs. 2b and 5d), with a similar distribution pattern to area a24a′. Moreover, the deep part of L2/3 in area p24a′ enclosed patchy CR+ fibers (arrows in Figs. 2b and 5e ) that ran mostly parallel to the pial surface and provided axon terminals (Fig. 5f ), while this feature was lacking in area a24a′ (Fig. 2a) . 
CR immunoreactivity in area a24b′
In area a24b′, the laminar distribution pattern of CR+ somata and fibers was again similar to those in area a24a′ (Fig. 2) . The total number and density of CR+ somata tended to be larger than those of area p24b′ (Figs. 3 and 4 , and Tables 1 and 2 ). Among the MCC areas, area a24b′ generally contained the fewest CR+ fibers in all cortical layers (Fig. 2c) .
CR immunoreactivity in area p24b′
In area p24b′, the laminar distribution pattern of CR+ somata was similar to that in area p24a′ (Fig. 2) . Across all layers, the CR+ somal number and density tended to be smallest in area p24b′ compared to other areas of the MCC (Figs. 3 and 4 , and Tables  1 and 2 ). Like area p24a′, patchy CR+ fibers with axon terminals occurred in deep L2/3, but this feature was less prominent than that of area p24a′ (Fig. 2b and 2d) . 
DISCUSSION
The present study demonstrated that the distribution of CR+ somata and fibers in each area of the rabbit MCC differed from each other. Our findings greatly characterize each area of the MCC more than a previous study using another calcium-binding protein PV by Vogt [35] , who showed only a tendency that area a24a′ had fewer PV+ neurons than area p24a′.
Distributions of CR+ somata
Most CR+ somata in the MCC are located in L2/3 and L6, while there are fewer in L5 and fewest in L1. This distribution pattern has not previously been reported in any cortical area of any other species. In the anterior cingulate cortex (ACC) of the cingulate gyrus, previous immunohistochemical studies have shown that CR+ somata were observed mainly in L2/3 in the rat [10] , cynomolgus monkey [8, 9] and humans [11] . In the visual cortex, CR+ somata are also present mainly in L2/3 in the rabbit [25] , mouse [24] , hamster [21] , dog [16] and cynomolgus monkey [22] , whereas they are located in L1 and L2 in the bottlenose dolphin, L2/3 and L4a-c in humans [12] , and L2/3, followed by L5, L6, L4 and L1 in decreasing order in the rat [13] . Although these studies show that neocortical areas tend to have numerous CR+ somata in L2/3 in many mammalian species, the rabbit MCC is characterized by the finding that L6 also has many CR+ somata.
Morphology of CR+ somata
In the rabbit MCC, CR is expressed in non-pyramidal multipolar and bipolar neurons and the non-pyramidal multipolar neurons are predominant in any layer of any area. Although there have not been any similar previous studies in the MCC of other species, the present findings are in contrast to previous findings in the ACC of the cingulate gyrus, where bipolar and bitufted somata are predominant over multipolar somata in the rat [10] , monkey [8] and humans [11] . In the visual cortex, it is also reported that bipolar somata are predominant over multipolar somata in the rabbit [25] , mouse [24] and hamsters [21] , whereas both types are even in the rat [13] . Therefore, although in the neocortical areas in most mammalian species studied, CR+ neurons are mainly of bipolar and bitufted neurons, the rabbit MCC is peculiar in that CR+ neurons consist predominantly of the multipolar type.
Distribution of CR+ fibers
There is a tendency that CR+ neuropil staining is more abundant posteriorly than anteriorly in the MCC. CR+ fibers were most abundant in L1, especially its superficial part, followed by L6, L5 and L2/3 in decreasing order. Deep L2/3 of areas p24a′ and p24b′ also contains patchy CR+ fibers, which are absent in areas a24a′ and a24b′. These patterns of the distribution of CR+ neuropils have been demonstrated for the first time in the MCC, and differ from the pattern in other regions of the cingulate gyrus in other mammalian species, where CR+ fibers are distributed homogeneously. For example, in the ACC of the rat, L1 was stained darker than the other layers, but no sublaminar preference of CR+ fibers was described within L1 [18] . In the ACC of monkeys and humans, the distribution of CR+ fibers were stained homogeneously across layers, except that deep L1 stained intensely in humans, but not so in monkeys [18] .
Although there is no direct evidence for the existence of cells of origin of CR+ fibers observed in the MCC of the rabbit, previous hodological and immunohistochemical studies in this and other species may provide some clues to know the CR+ fiber architecture. As most CR+ neurons are a subpopulation of GABAergic neurons [14, 20] , it is considered that most, if not all, CR+ fibers in the MCC may be of intrinsic origins [4, 6] . Furthermore, given the existence of long-range GABAergic projections between cortical areas [15, 30, 31] , part of the CR+ fibers and terminals in L1 and L5 may correspond to those of the projections originating from retrosplenial area 30 to the MCC [39] . Other CR+ fibers and terminals that occur in patches in L2/3 of areas p24a′ and p24b′ may also originate from within or outside of the MCC, but no previous studies have addressed this issue so far.
Characterization of the rabbit MCC
There are some differences in the CR+ somata/fibers distribution in each area; CR+ somata occur in superficial L2/3 of areas a24a′ and a24b′, while they were distributed in entire L2/3 of areas p24a′ and p24b′. There was a general tendency that CR+ somal density was highest in area a24a′, followed by area p24a′, area a24b′ and area p24b′ in decreasing order. CR+ fibers were most abundant in area p24a′, followed by area p24b′, area a24a′ and area a24b′ in decreasing order. These differences in the distribution of CR+ somata and fibers suggest that each area may be anatomically distinct. Moreover, present findings support the anteroposterior and ventrodorsal parcellation of the rabbit MCC [34] , which is similar to that of humans [33, 38, 43] and monkeys [33, 40] . In rodents, the ventrodorsal parcellation of the MCC is noted [26, 35, 36, 41] , whereas the anteroposterior parcellation is lacking [35, 36] . Hence, the present study supports the notion that the MCC of humans is more similar to the MCC of rabbits than that of rodents. Although the distribution of CR+ structures in the MCC has not been studied in humans so far, the relative similarity of the MCC parcellation pattern between the rabbit and humans underpins the idea that the rabbit may serve as a more suitable experimental model for pathophysiological studies of, at a minimum, parts of the human MCC than rodents.
Functional significance
CR+ neurons are a subpopulation of inhibitory GABAergic neurons in the neocortex of the rat and mouse [13, 20, 42] . It is generally assumed that CR+ multipolar neurons may provide information in a transcolumnar fashion in the cortex [4] , whereas CR+ bipolar neurons may integrate it within a columnar structure [4, 28] . This may hold true for CR+ multipolar and bipolar neurons in the MCC of the rabbit. Since CR+ neurons occur not only in L2/3 as in other cingulate areas in rodents [10] , but also in L6, and CR+ multipolar neurons are distributed more densely than bipolar neurons, CR+ neurons in the MCC may be involved in more complex information processing by integrating signals within a column as well as receiving/sending signals from/to nearby columns. CR+ fibers, some of which may be of extrinsic origins, may also modulate neuronal activity in the MCC. Therefore, in the rabbit MCC, CR+ neurons and CR+ fibers originating from inside and/or outside of the MCC may be involved in information processing in a more peculiar and complex way, in comparison with other cingulate cortical areas in rodents [10] . There may be some possible differences in information processing in each area of the MCC. This issue should be addressed in future studies.
